We present a combined experimental and theoretical study of state-to-state inelastic scattering of 
Introduction
It has been a long-standing goal in physical chemistry to probe potential energy surfaces (PESs), which govern intermolecular interactions. The study of inelastic collisions between molecules in the gas-phase is a well-established approach to this end. Combining the velocity map imaging (VMI) technique 1 and crossed molecular beam (CMB) technique, 2 the rotational energy transfer (RET) in atom-molecule collisions has been extensively studied. 3 In bimolecular inelastic collisions, the degrees of freedom of both molecules couple and therefore give rise to much more complex dynamics, when compared to atom-molecule collisions. The added degree of complexity offers opportunities to address dynamical questions including the so-called product pairs, i.e., the simultaneous rotational excitation in both collision partners. By measuring product pairs, detailed information of the RET in both collision partner can be obtained. However, extending atom-molecule inelastic collision studies to bimolecular systems has remained challenging, and RET in bimolecular inelastic collisions is largely unexplored and not well understood.
On the experimental side, the main difficulty of studying bimolecular inelastic collisions compared to atom-molecule systems is the appearance of additional product channels from the simultaneous rotational excitation of both collision partners.
Correlations between excitations of both colliders, referred to as product-pairs, may in principle be probed using VMI. Rotational energy transfer to or from the collision partner will result in a lower or greater kinetic energy, respectively. In VMI, one measures the velocity distribution, such that these different kinetic energies lead to a series of nested spheres, 4 whose projections on the two-dimensional detector yield a set of concentric circles. These circles in principle contain the full kinematic information of the collision process, including the integral and differential state-resolved correlated cross sections. It is, however, extremely challenging to experimentally resolve the individual circles, as the experimental blurring associated with, for instance, the collision energy spread and the crushing of spheres on the detector plane is in most cases much larger than the inherent spacing between the circles. [4] [5] [6] [7] [8] [9] [10] [11] [12] Recently, we reported the first observation of rotational product pair correlations in NO-O 2 inelastic collisions at a collision energy of 160 cm
À1
, 13 by using a Stark decelerator to produce reagent beams of NO with very narrow velocity spread. 14 Here, we present a joint experimental and theoretical study of state-to-state resolved RET in the inelastic collisions of NO(X 2 P 1/2 , j = 1/2f) with O 2 (X 3 S g À ).
As an extension of our previous experiment, 13 we study the dynamics at a higher collision energy of 480 cm À1 such that excitations of NO to higher rotational states can be probed. Furthermore, we study rotational excitation of NO within the X 2 P 1/2 (F 1 ) manifold, but we also study spin-orbit changing transitions to the X 2 P 3/2 (F 2 ) manifold that is located 123 cm À1 above the F 1 manifold. As is well-known from studies of RET in collisions between NO and rare gas atoms or simple molecules, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] the interaction between NO and its collision partner is governed by two nonadiabatically coupled PESs. Spin-orbit conserving F 1 -F 1 transitions probe the average of the two PESs, whereas spinorbit changing F 1 -F 2 transitions are governed by the difference of the two PESs. [33] [34] [35] [36] [37] For all transitions, VMI images are recorded in which individual rings pertaining to NO-O 2 product-pairs are clearly resolved. The experimental results are in excellent agreement with the cross sections derived from quantum scattering calculations. From these calculations, we can rationalize trends that are observed in the pair-correlated cross sections.
2 Experimental and theoretical methods
Experimental set-up
The experiments were performed using a crossed molecular beam apparatus, containing a Stark decelerator and VMI detector, that is schematically shown in Fig. 1 and was described in detail before. 38 A mixture of 5% NO seeded in Kr at typical pressure of Fig. 2 . Each rotational state is labeled by the quantum number N, and is split by spin-spin and spin-rotation coupling 40 into three components labeled by the quantum number j with j = N À 1, N and N + 1. The initial rotational state distribution of O 2 was probed by measuring a (2 + 1) resonance enhanced multiphoton ionization (REMPI) spectrum. Fig. 2 shows the comparison between the measured spectrum and a spectrum simulated by PGOPHER 41 using a rotational temperature of 10 K. From this comparison we conclude that the O 2 molecules emerge from NPV predominantly in the N = 1 state, with a small amount of O 2 in the N = 3 state.
The NO radicals were state-selectively ionized by a (1 + 1 0 )
REMPI scheme using two pulsed dye laser systems. After ionization, the NO ions were collected by VMI optics. The collision energy was calibrated using the method described by Onvlee et al., 28, 38 and determined to be 480 cm À1 .
Quantum scattering calculations
Quantum mechanical scattering calculations were performed using the coupled-channels method. The details of the calculations are discussed in detail in ref. 13 , and specific details are given here for completeness. The ab initio coupled potential energy surfaces were taken from ref. 13 . These have been calculated using coupled cluster theory for the diagonal potential, and multi-reference configuration for the off-diagonal potential. The transformation to the diabatic representation has been determined using the multiple-property-based algorithm of ref. 42 . The basis set used in the scattering calculations was truncated by the requirement j NO r 17/2 and N O 2 r 7, total angular momenta up to J = 401/2 were included, and the radial grid extended from 4.5 to 30a 0 in steps of 0.05a 0 . Matching to scattering boundary conditions at the last grid point yields the S-matrices, from which the relevant DCSs are computed. Unlike what is described in ref. 13 , we did not use the recoupling approach to compute fine-structure resolved cross sections, as the fine structure is not resolved experimentally and this treatment complicates the subsequent simulations.
We note that channels with N O 2 = 9 and 11 are also energetically accessible in the experiment, but their inclusion in the scattering calculations was not considered, as this would hugely increase both CPU time and memory requirements.
Analysis and simulation

Analysis method
The experimental scattering images were analyzed as described in more detail in ref. 13 . We here only briefly describe the method for completeness, by illustrating the procedure using a scattering image as displayed in Fig. 3a as an example. This image pertains to Fig. 1 Schematic representation of the experimental set-up. A 2.6 m long Stark decelerator is used to prepare a velocity controlled packet of NO radicals that is scattered with a pulsed beam of neat O 2 at 901 angle of incidence. The inelastically scattered NO are state-selectively ionized using two pulsed lasers, and recorded using a standard velocity map imaging detector. Only the last section of the Stark decelerator is shown here. In order to assign the pair-correlated rotational excitations of O 2 , the radial scattering distribution is analyzed within the angular range enclosed by the two red dashed traces, between À401 and À51, simply by integrating the scattering intensity as a function of the radius R. This angular window was chosen as the radial resolution and scattering intensities are optimal here, while it avoids the forward scattering region that may be contaminated by unwanted initial population in the primary NO packet. for the final rotational state of O 2 . It is seen that the maximum in intensity of the observed rings in the scattering image is shifted by 1 to 2 pixels inwards with respect to the kinematic cut-off. This shift is a result of both the projection of the three-dimensional Newton sphere onto two-dimensional detection plane and of the velocity spread of O 2 beam, and is fully accounted for in simulations of the experiment. 13 This shift, however, does not prevent the unequivocal assignment of the pair-correlated scattering channels in the experimental image. For each ring, the angular distribution is analyzed using conventional methods as described before. Briefly, a circular annulus of a few pixels wide is defined. The scattering intensity within this annulus is then integrated, and evaluated as a function of the scattering angle y.
Simulation
To compare the experimental results with theoretical predictions, we perform full simulations of the VMI images, based on cross sections from quantum scattering calculations. These simulations take all experimental conditions into account, such as beam spreads, temporal overlap, ionization volume, and spectral width of the laser. 28 The resulting simulated images are analyzed in an identical way as the experimental VMI images, such that radial and angular distributions can be directly compared. 
transitions individually, Fig. 3 The radial distribution of the scattering image pertaining to the inelastic process NOð1=2f; Overall, the experimental images show excellent agreement with the simulated images, both in terms of the relative intensities of the rings and in terms of the angular distributions. This is quantified further by the radial profiles presented in Fig. 6 , and by the angular profiles presented in Fig. 7 . For the latter, we only present the angular distributions for the
¼ 1 outer ring, as for a given value for j 0 NO , we observe only marginal differences in the angular distributions of the different rings. In the radial distribution for the 11/2e channel, one can observe an additional outer ring which is not present in the simulations. This additional ring is an experimental artefact that is caused by partially overlapping REMPI transition probing the 5/2f level. It is noted again that our simulations exclude excitations of O 2 into the N 0 O 2 ¼ 9 and 11 levels (although they are clearly visible in the experimental profiles), and they exclude the fine-structure splitting of the O 2 transitions. The latter one causes the radial profiles to be consistently broader in the experimental results when compared to the simulations. From the radial and angular distributions, interesting trends can be discerned. As j 0 NO increases, inelasticity in O 2 indeed gains significant importance, as was already apparent from visual inspection of the images in Fig. 5 . In addition, the angular distribution shifts from forward scattered to sideways scattered. This can be understood by a simple classical picture of RET, where low amounts of RET are associated with higher impact parameter, b, that tend to be forward scattered, while higher amounts of RET associated with smaller b tend to lead to sideways or backward scattering. Note that for certain final j 0 NO states, a pronounced rainbow feature is observed that is in good agreement with theoretical predictions.
Spin-orbit changing transitions of NO
We now turn to spin-orbit changing F 1 -F 2 transitions. Fig. 8-10 show the experimental and simulated scattering images, the radial distributions, and the angular distribution of the outermost , it is worth noting that spin-orbit changing transitions require more energy transfer for excitations with the same Dj ¼ j 0 NO À j NO when compared to spin-orbit conserving transitions. This offers the intriguing possibility to investigate whether the observed trends are governed predominantly by the transfer of angular momentum or rotational energy. Consider excitation to the rotational states 17/2f, F 1 and 5/2f, F 2 of NO. These states are almost energetically degenerate, although there is a significant difference in the angular momenta. The scattering images pertaining to these final states differ qualitatively significantly. For excitation to the 17/2f, F 1 level, O 2 , scatters inelastically and the inner rings carry high intensity. By contrast, for excitation to the 5/2f, F 2 level, O 2 scatters predominantly elastically and the inner rings are less intense.
Interpretation
To interpret the observations, we analyze the scattering wave functions obtained from the coupled-channels calculations. These wave functions are validated by the comparison of View Article Online theoretical and experimental differential scattering cross sections, and the detailed analysis that the theoretical wave functions permit yields additional insight into the scattering dynamics. We analyze so-called opacity functions, which contain information on the range at which transitions occur, and the vector correlation of the angular momenta of the collisionally-excited molecules. A similar analysis has been performed in our previous study, at lower collision energies, and we here focus on the differences between spin-orbit conserving and changing transitions, which were not probed previously. 
where b = c/k is the classical impact parameter and s (c)
is the contribution of a single partial wave, c, to the cross section for the transition from initial state i to final state f. The total cross section is given by s ði!fÞ ¼ 2p
in the classical limit of continuous b, such that the opacity function, P (i-f) , can be thought of as the probability of a transition i -f for a collision occurring with well-defined classical impact parameter, b. For nearly elastic transitions, for both j
, there is a dominant contribution to the cross section by impact parameters larger than the classical turning point of the interaction potential, which occurs around 7a 0 . That is, the cross section is dominated by rotational excitation in glancing collisions, rather than head-on collisions. As either or both j increases, the collision mechanism becomes more short ranged, and the cross section is dominated by impact parameters b u 7a 0 for which the molecules collide head on. This is completely consistent with our previous study at lower collision energies. , the cross sections are dominated by short-ranged collisions with impact parameters b u 7a 0 . This represents a surprising result as it shows that the range of the collision mechanism is governed by the amount of energy transferred, rather than by the amount of angular momentum transferred. The latter may have been expected as long-range interactions correspond to low rank terms in a tensorial expansion of the PES, and hence directly drive transitions with small changes in the monomer angular momenta only. In addition, the qualitative comparison between the channels that excite NO to the neardegenerate 17/2f, F 1 and 5/2f, F 2 levels, as described above, would have suggested that the amount of angular momentum transferred is more important than the amount of energy transferred.
Vector correlations of
We furthermore analyze the vector correlation of the angular momenta of the collisionally-excited molecules. This is accomplished by computing partial cross sections restricted to specific j AB and j 0 AB , the angular momentum quantum numbers associated with j AB = j A + j B , the vector sum of the monomer angular momenta. In the initial state, and fixed NO final states in the F 1 , i.e., for spin-orbit conserving transitions, as labeled in each panel. AB assumes its maximum value, the monomer angular momenta are stretched or parallel to each other, whereas if j 0 AB assumes its minimum value, the monomer angular momenta are anti-parallel. We note that this is a vector correlation of both monomer angular momenta relative to each other, but does not imply that either of the monomer angular momenta is oriented or aligned with respect to the scattering axis. Fig. 13 shows the j AB and j 0 AB -restricted cross sections, for j AB = 3/2 as a function of j 0 AB , for various spin-orbit conserving transitions of NO. The partial cross sections are clearly peaked towards the highest value of j 0 AB permitted by the triangular inequalities. This implies that there is a vector correlation of the monomer angular momenta such that the cross sections are dominated by stretched excited-state monomer angular momenta, which we discovered previously at lower collision energies. 13 This can be explained in a classical picture: if the colliding molecules exert equal and opposite forces, acting on the point of closest approach of the two molecules, this will induce a like torque on both molecules, such that the rotationally-excited molecules will exhibit the same sense of rotation, and the monomer angular momenta will be stretched (see Fig. 4 in ref. 13) . AB is seen to dominate the cross section. This behavior is expected as the above explanation -like torque induced by interactions acting on the point of closest approach -applies to pure rotational excitation. Instead, spin-orbit changing transitions are driven by the off-diagonal potential, which couples the L = AE1 NO substates, and is induced by non-adiabatic coupling between these asymptotically-degenerate substates.
Conclusions and outlook
We have presented high-resolution measurements of product pairs for inelastic collisions of state-selected NO radicals with O 2 molecules at a collision energy of 480 cm
À1
. Both spin-orbit changing and spin-orbit conserving scattering channels were studied for a large number of final rotational states of NO. In general, the observations are in excellent agreement with the predictions of quantum mechanical coupled-channels scattering calculations, which are based on recently developed NO-O 2 PESs. For both spin-orbit conserving and changing transitions of NO, similar correlations of energy transfer in NO and O 2 were observed: the higher the energy uptake by NO, the higher probability that O 2 is excited to higher rotational states. Interesting differences were also observed. For spin-orbit conserving transitions, near-elastic collisions are dominated by glancing collisions at high impact parameters, whereas collisions with larger degree of inelasticity in either NO or O 2 become short ranged. By contrast, spin-orbit changing transitions are driven by head-on collisions associated with small impact parameters, even for low amounts of angular momentum transferred. Furthermore, the monomer angular momenta induced in spin-orbit conserving collisions describe a vector correlation, which can be understood classically. For spin-orbit changing transitions, the monomer angular momenta do not display this vector correlation. 
